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1. INTRODUCTION {#and13491-sec-0001}
===============

Affecting approximately 10% to 15% of reproductive‐age couples worldwide, infertility has been a global problem, and of these, male infertility accounts for 50% (Kobori, [2019](#and13491-bib-0019){ref-type="ref"}). Male infertility is a disorder induced by multiple factors, in which defective sperm function is a major cause (Hull et al., [1986](#and13491-bib-0016){ref-type="ref"}). Defined as total motility \<40% or progressive motility \<32%, asthenozoospermia can be caused by genetic or environmental factors, such as oxidative stress, which can account for 18% of male subfertility and infertility cases (Curi et al., [2003](#and13491-bib-0008){ref-type="ref"}; Hunault et al., [2004](#and13491-bib-0017){ref-type="ref"}).

Oxidative stress harmfully affects sperm motility through overproduction of the reactive oxygen species (ROS) including hydrogen peroxide and superoxide anions, inducing asthenozoospermia (Sikka, Rajasekaran, & Hellstrom, [2008](#and13491-bib-0036){ref-type="ref"}). Accordingly, high ROS levels are considered to be involved in spermatozoa DNA fragmentation, lipid peroxidation damage, as well as apoptosis (Menkveld, [2010](#and13491-bib-0023){ref-type="ref"}). However, spermatozoa possess a well‐developed antioxidant defence network, including antioxidant genes and enzymes which perform a crucial role in protecting sperm motility and viability (Lamond et al., [2003](#and13491-bib-0020){ref-type="ref"}). For example, the antioxidant gene, Nrf2 (nuclear factor erythroid 2‐related factor 2) is reported to bind promoters of antioxidant genes to promote antioxidant enzymes expression (Cheng, Kalabus, Zhang, & Blanco, [2012](#and13491-bib-0007){ref-type="ref"}). In mice with deficiency of Nrf2, it was elaborated that sperm concentration and motility were impaired (Nakamura et al., [2010](#and13491-bib-0024){ref-type="ref"}). Further, evidence showed that compared with Nrf2 expression in spermatozoa from fertile men, the spermatozoa of asthenozoospermic individuals possessed lower level of Nrf2 expression (Kang, Zixin, Yulin, Xingcheng, & Bolan, [2012](#and13491-bib-0018){ref-type="ref"}). Thus, Nrf2, as an antioxidant gene, is very important for maintaining spermatozoa motility through suppressing oxidative stress (Prabagaran, Hansen, Drury, & Moley, [2014](#and13491-bib-0029){ref-type="ref"}).

Currently, much attention has been devoted to antioxidants, such as vitamin C, coenzyme Q10, human‐growth hormone, carnitine and glutathione for the prevention of ROS overproduction in males (Giacone et al., [2017](#and13491-bib-0013){ref-type="ref"}; Ross et al., [2010](#and13491-bib-0030){ref-type="ref"}; Saeednia, Nashtaei, Bahadoran, Aleyasin, & Amidi, [2016](#and13491-bib-0031){ref-type="ref"}，but there are limits due to inefficiency (Greco et al., [2005](#and13491-bib-0014){ref-type="ref"}). Hence, it is necessary to seek effective therapies for asthenozoospermia.

The property of plants possessing a series of constituents which can prevent oxidative stress (Shah, Khan, Naz, & Khan, [2014](#and13491-bib-0034){ref-type="ref"}) provides some ideas of seeking effective therapies for asthenozoospermia. Curcumin, a natural polyphenolic compound which is classified as diferuloylmethane (yellow in colour), is constituent of the rhizome of Curcuma longa Lin and possess the characteristic of anti‐oxidative, anti‐inflammatory, free radical scavenging etc (Dai et al., [2018](#and13491-bib-0009){ref-type="ref"}; Sahin, Orhan, Tuzcu, Tuzcu, & Sahin, [2012](#and13491-bib-0032){ref-type="ref"}) . Ithas been reported that curcumin could improve bull spermatozoa and rat testis subjected to induced oxidative stress or could improve cryopreserved boar spermatozoa (Chanapiwat & Kaeoket, [2015](#and13491-bib-0006){ref-type="ref"}; Sahoo, Roy, & Chainy, [2008](#and13491-bib-0033){ref-type="ref"}; Tvrda et al., [2016](#and13491-bib-0037){ref-type="ref"}). Meanwhile, curcumin could improve sperm motility from the patients with leucocytosperm and infertile men (Alizadeh et al., [2017](#and13491-bib-0002){ref-type="ref"}; Zhang, Diao, Duan, Yi, & Cai, [2017](#and13491-bib-0040){ref-type="ref"}), on the contrary, curcumin could also serve as a potential nonsteroidal contraceptive by blocking sperm motility (Naz & Lough, [2014](#and13491-bib-0025){ref-type="ref"}). With the above contradiction and unknown mechanism, we aimed to further determine the influence of curcumin on spermatozoa motility and gain deep insight into the mechanism how curcumin plays its roles.

In our study, we used ejaculated spermatozoa from asthenozoospermic individuals as our model and examined sperm motility, mitochondria function, lipid peroxidation, acrosome reaction and apoptosis level to evaluate the function of curcumin.

2. MATERIALS AND METHODS {#and13491-sec-0002}
========================

2.1. Donors of semen samples and ethical approval {#and13491-sec-0003}
-------------------------------------------------

Semen samples of normozoospermic and asthenozoospermic individuals who were volunteers enrolled from the Department of Andrology of Obstetrics and Gynecology Hospital Affiliated to Nanjing Medical University. The study was approved by the Ethics Committee of Obstetrics and Gynecology Hospital Affiliated to Nanjing Medical University. All participants were given informed consent before recruitment into the study.

2.2. Semen preparation {#and13491-sec-0004}
----------------------

After sexual abstinence for 3 days, semen samples were collected through masturbation and were liquefied for 30 min and delivered to laboratory in \<60 min after ejaculation according to World Health Organization (WHO) guidelines (Menkveld, [2010](#and13491-bib-0023){ref-type="ref"}). Asthenozoospermia was defined by the following criteria: progressive motility \<32%; sperm concentration \>15 million/ml; total motility (progressive motility + nonprogressive motility) \<40%; and normal forms of sperm morphology \>4%. 10% (w/v) bovine serum albumin (Sigma) was added to modified human tubular fluid (irvinesci.lnc.) medium to wash semen samples. Subsequently, the semen samples were applied to density gradient centrifugation with 90% (v/v) and 50% (v/v) Percol (GE Healthcare) at 300 *g* for 20 min. Spermatozoa were incubated with curcumin or dimethyl sulfoxide for 30 min at 37°C. The spermatozoa motility was measured through a computer‐assisted semen analyser (Hamilton Thorne, lnc.).

2.3. Reagent {#and13491-sec-0005}
------------

Brusatol was soluble in dimethyl sulfoxide (DMSO) and the final concentration of brusatol incubated with spermatozoa was 40 nM. The final concentration of DMSO mixed with spermatozoa was 2%.

2.4. Mitochondrial membrane potentials assay {#and13491-sec-0006}
--------------------------------------------

Spermatozoa were assayed for loss of mitochondrial inner transmembrane potential by JC‐1 probe (Beyotime). Spermatozoa were mixed with JC‐1 staining solution (5 μg/ml). The spermatozoa were washed twice in PBS and examined by flow cytometry.

2.5. Measurement of spermatozoa ATP {#and13491-sec-0007}
-----------------------------------

We examined spermatozoa ATP production by Enhanced ATP Assay Kit (Beyotime). The spermatozoa were placed into detecting solution. Afterwards, we calculated ATP levels through the luminescence signals.

2.6. Measurement of ROS level {#and13491-sec-0008}
-----------------------------

ROS of spermatozoa was detected according to the method of reactive oxygen species assay kit (Beyotime). We resuspended spermatozoa in 10 μM dihydrodichlorofluorescein diacetate (DCFH‐DA) added with serum‐free medium for 20 min, the fluorescence intensity was examined by flow cytometer (BD，NYC, China).

2.7. Malondialdehyde (MDA) assay {#and13491-sec-0009}
--------------------------------

MDA was measured using the Lipid Peroxidation MDA Assay Kit (Beyotime) and was detected by at 532 nm.

2.8. Chlortetracycline fluorescence assessment of sperm {#and13491-sec-0010}
-------------------------------------------------------

We performed chlortetracycline (CTC) fluorescence analysis as reported by Ying et al. ([2006](#and13491-bib-0039){ref-type="ref"}). The spermatozoa were resuspended in culture medium (irvinesci.lnc.), mixed with liquid paraffin (37°C, 5% CO~2~). Afterwards, spermatozoa were added in formalin and incubated for 300 min. We collected spermatozoa suspensions for fluorescence microscopy analysis to evaluate CTC staining.

2.9. TUNEL Assay {#and13491-sec-0011}
----------------

Apoptosis of cells was measured by TUNEL Apoptosis Detection Kit (Vazyme Biotech Co., Ltd.). Human spermatozoa were added in 4% PFA for 25 min at room temperature. After three washes, Proteinase K was also placed into the spermatozoa and mixed with 1 × Equilibration Buffer. Then, the spermatozoa were stained with DAPI and analysed by a fluorescence microscope.

2.10. Western blot analysis {#and13491-sec-0012}
---------------------------

Western blot was conducted as previous description (Castaneda et al., [2017](#and13491-bib-0003){ref-type="ref"}). Proteins were then separated through SDS/PAGE and subsequently transferred onto a polyvinylidene difluoride membrane. Next, the proteins were blocked with 5% milk for 2 hr and incubated with primary antibodies overnight at 4°C. After three washes, the membranes were incubated with secondary antibodies for 2 hr. The signals from the detected proteins were visualised.

2.11. Statistical analysis {#and13491-sec-0013}
--------------------------

We repeated all trials at least three times. The differences between groups were analysed using one‐way analysis of variance (ANOVA). All data were represented with the mean ± the standard error (*SE*). Additionally, the analyses were conducted using the statistical package SPSS (Inc.) for Windows.

3. RESULTS {#and13491-sec-0014}
==========

3.1. One hundred nanomolar curcumin increased the motility of spermatozoa of asthenozoospermia {#and13491-sec-0015}
----------------------------------------------------------------------------------------------

To address the effects of curcumin upon asthenozoospermia, we initially incubated spermatozoa of asthenozoospermia with various concentrations of curcumin (1 nM, 100 nM, 1 mM, 1 M). Spermatozoa incubated with 100 nM curcumin showed most significantly increased motility compared to AS group, rather unexpectedly, the spermatozoa incubated with curcumin at concentrations of 1 mM and 1 M resulted in a decreased total and progressive motility than AS group (Figure [1](#and13491-fig-0001){ref-type="fig"}a,b). Meanwhile, we observed that motility of spermatozoa from normozoospermic individuals was unaffected by 100 nM curcumin treatment (Figure [1](#and13491-fig-0001){ref-type="fig"}c).

![Effect of curcumin on spermatozoa motility. (a, b) Effect of various concentrations of curcumin (1 nM, 100 nM, 1 mM, 1 M) on motility (PR + NP) and PR of spermatozoa of asthenozoospermia. (c) Effect of 100 nM curcumin on spermatozoa motility (PR + NP) and PR of normozoospermic and asthenozoospermia individuals. Results are showed as the mean ± *SE*. \*\**p* ≤ .01 compared with control](AND-52-e13491-g001){#and13491-fig-0001}

3.2. Curcumin rescued mitochondrial function of spermatozoa of asthenozoospermia {#and13491-sec-0016}
--------------------------------------------------------------------------------

Spermatozoa membrane potential and ATP levels were tested for the purposes of evaluating mitochondrial function. Our study revealed more spermatozoa of asthenozoospermia individuals yielding low membrane potential, which might lead to less ATP synthesis than that of normozoospermic individuals (Figure [2](#and13491-fig-0002){ref-type="fig"}). However, 100 nM curcumin could rescue the membrane potential of spermatozoa from asthenozoospermia (Figure [2](#and13491-fig-0002){ref-type="fig"}a--e) and ATP production (Figure [2](#and13491-fig-0002){ref-type="fig"}f), indicating that curcumin could improve mitochondrial function.

![Effect of curcumin on spermatozoa mitochondrial function. (a‐d) Representative image showing the percentage of spermatozoa with polarised and depolarised mitochondrial membrane. (e) Average percentage of spermatozoa with low MMP ± standard error (*SE*) (*n* = 3). (f) Effect of curcumin on ATP production. Results are presented as the mean ± *SD*. \*\**p* \< .01 compared with control](AND-52-e13491-g002){#and13491-fig-0002}

3.3. Curcumin reduced the ROS production, level of MDA, apoptosis and increased sperm acrosome reaction of spermatozoa of asthenozoospermia {#and13491-sec-0017}
-------------------------------------------------------------------------------------------------------------------------------------------

As expected, the mitochondrial function of spermatozoa was impaired in cases presenting asthenozoospermia. Considering that the mitochondria were the major source of ROS production, we further analysed the ROS level through flow. Compared to normozoospermic individuals, spermatozoa of asthenozoospermia had higher ROS levels which were reduced by 100 nM curcumin treatment (Figure [3](#and13491-fig-0003){ref-type="fig"}a--e). To further examine the effect of ROS on spermatozoa, we measured MDA levels for testing lipid peroxidation. As shown in Figure [3](#and13491-fig-0003){ref-type="fig"}f, we presented that curcumin caused significant decrease in lipid peroxidation in spermatozoa of asthenozoospermia. We also showed that there were more TUNEL‐positive spermatozoa in asthenozoospermia individuals compared to that of normozoospermic individuals (Figure [3](#and13491-fig-0003){ref-type="fig"}g,i). To further investigate the effect of curcumin on apoptosis of spermatozoa, we incubated the spermatozoa of asthenozoospermia individuals and normozoospermic individuals with 100 nM curcumin, and we measured the apoptosis level. We found that 100 nM curcumin treatment reduced the level of apoptosis in asthenozoospermia individuals compared to that of normozoospermic individuals (Figure [3](#and13491-fig-0003){ref-type="fig"}h,j,k). As demonstrated in the literature, sperm motility is associated with acrosome reaction (Ying et al., [2006](#and13491-bib-0039){ref-type="ref"}). Thus, we examined whether curcumin could improve sperm acrosome reaction induced by the calcium ionophore A23187. The results showed increased acrosome‐reacted spermatozoa induced by A23187 in curcumin group compared with that of AS group (Figure [3](#and13491-fig-0003){ref-type="fig"}l).

![Effect of curcumin on spermatozoa ROS levels, MDA production and acrosome reaction (AR). (a‐d) Representative image showing spermatozoa ROS generation by DCFH‐DA oxidation‐based fluorescence using a flow cytometry. (e) Mean fluorescence units in each treated groups. Results are presented as the mean ± *SE*. (f) Column chart representing MDA levels. The results are expressed as the mean ± *SE*. \**p *\< .05, \*\**p *\< .01 compared with control. (g--j) Terminal deoxynucleotidyl transferase‐mediated dUTP‐biotin nick end labelling (TUNEL) staining images of spermatozoa from normozoospermic and asthenozoospermia individuals, bar = 20 μm. (k) Quantification of TUNEL‐positive staining spermatozoa (*n* = 200). Results are showed as the mean ± *SE*. \*\**p *\< .01 compared with control. (l) Chlortetracycline fluorescence data presented as percentage of cells expressing the AR pattern. \**p *\< .05 compared with control](AND-52-e13491-g003){#and13491-fig-0003}

3.4. Brusatol inhibited the motility of spermatozoa improved by curcumin {#and13491-sec-0018}
------------------------------------------------------------------------

Accordingly, curcumin plays an important part in protecting cells against oxidative stress through Nrf2 (Ganan‐Gomez, Wei, Yang, Boyano‐Adanez, & Garcia‐Manero, [2013](#and13491-bib-0012){ref-type="ref"}; Olayanju et al., [2015](#and13491-bib-0026){ref-type="ref"}). Considering Nrf2 involved in spermatogenesis, we examined whether curcumin improved asthenozoospermia through Nrf2, and we used brusatol, as the inhibitor of Nrf2, to inhibit Nrf2 expression and study the effect of curcumin on spermatozoa. After treatment with curcumin and brusatol, we showed that Nrf2 protein level was reduced compared with the curcumin group (Figure [4](#and13491-fig-0004){ref-type="fig"}a). As we expected, the total and progressive motility of spermatozoa from asthenozoospermia individuals were unchanged compared to AS group but lower than that of the curcumin group (Figure [4](#and13491-fig-0004){ref-type="fig"}b,c). These observations demonstrated that curcumin might function as an antioxidant through Nrf2 to improve the sperm motility.

![Effect of NRF2‐inhibitory Brusatol on sperm motility. (a) Confirmation of NRF2 protein expression by Western blotting. (b) Effect of Brusatol on spermatozoa motility (PR + NP) and (c) PR of asthenozoospermia individuals. Results are presented as the mean ± *SE*. \*\**p* ≤ .01, \*\*\**p* ≤ .01 compared with control](AND-52-e13491-g004){#and13491-fig-0004}

3.5. Brusatol impaired efficacy of curcumin {#and13491-sec-0019}
-------------------------------------------

Additionally, we observed that apoptosis levels, mitochondrial function, ROS production, MDA levels and acrosome reaction of spermatozoa from asthenozoospermia individuals in the group of cotreatment with brusatol/curcumin revealed no significant change compared to spermatozoa in AS group (Figures [5](#and13491-fig-0005){ref-type="fig"} and [6](#and13491-fig-0006){ref-type="fig"}).

![Effect of Brusatol on spermatozoa mitochondrial function, ROS levels. (a--c) Representative image showing the percentage of spermatozoa with polarised and depolarised mitochondrial membrane. (d) Average percentage of spermatozoa with low MMP ± standard error (*SE*) (*n* = 3). (e) Effects of curcumin on ATP production. Results are showed as the mean ± *SE*. \**p *\< .05, \*\*\**p* \< .001. (f--h) Representative image showing spermatozoa ROS generation by DCFH‐DA oxidation‐based fluorescence using a flow cytometry. (i) Mean fluorescence units in each treated groups. Results are presented as the mean ± *SE*. \*\**p* \< .01, \*\*\**p* \< .001](AND-52-e13491-g005){#and13491-fig-0005}

![Effect of Brusatol on spermatozoa MDA production and the acrosome reaction (AR) and apoptosis. (a) The results are expressed as the mean ± *SD*. (b‐d) Terminal deoxynucleotidyl transferase‐mediated dUTP‐biotin nick end labelling (TUNEL) staining images of spermatozoa three groups, bar = 50 μm. (e) Quantification of TUNEL‐positive staining spermatozoa (*n* = 200). (f) Chlortetracycline fluorescence data are presented as percentage of spermatozoa expressing the AR pattern. \**p* \< .05 compared with control. Results are presented as the mean ± *SE* (*n* = 3). \*\*\**p* \< .001](AND-52-e13491-g006){#and13491-fig-0006}

4. DISCUSSION {#and13491-sec-0020}
=============

Asthenospermia, described as reduced sperm viability and forward motility, is reported to be a risk factor of human male infertility (Shen, Wang, Liang, & He, [2013](#and13491-bib-0035){ref-type="ref"}; Zhang et al., [2016](#and13491-bib-0041){ref-type="ref"}). Our study explored the effects of various curcumin doses on sperm motility of infertile men suffering asthenozoospermia. Based on this information, 100 nM of curcumin significantly increased the motility of spermatozoa in asthenozoospermic individuals. The present study suggests that curcumin can ameliorate sperm motility in a dose‐independent manner and could induce toxicity to sperm motility when it is applied beyond a certain concentration.

It is clear that spermatozoa acquire amounts of energy provided by mitochondria surrounding their flagella through oxidative phosphorylation and glycolysis, to support the ability and activity during fertilisation, which means asthenozoospermia might be relevant with mitochondrial dysfunction (Piomboni, Focarelli, Stendardi, Ferramosca, & Zara, [2012](#and13491-bib-0028){ref-type="ref"}). Mitochondrial membrane potential (MMP), utilised as a gauge of mitochondrial function, whose decrease is an indicator of the destruction of the mitochondrial electron transport chain, subsequent reduction in the production of ATP, cell dysfunction and even death (Evenson, Darzynkiewicz, & Melamed, [1982](#and13491-bib-0010){ref-type="ref"}; Li et al., [2017](#and13491-bib-0021){ref-type="ref"}). Our results showed reduced MMP in the spermatozoa of asthenozoospermia individuals compared to that of normozoospermic individuals. Also, several other researchers reported defects in mitochondrial respiratory activity of asthenozoospermia (Ferramosca, Focarelli, Piomboni, Coppola, & Zara, [2008](#and13491-bib-0011){ref-type="ref"}; Pelliccione et al., [2011](#and13491-bib-0027){ref-type="ref"}). Additionally, it has been pointed out that reduced motile spermatozoa of infertile patients were shown to exhibit lower MMP and increasing of spermatozoa MMP is positively correlated with sperm motility and fertility potential (Chan & Chan, [2015](#and13491-bib-0005){ref-type="ref"}; Li et al., [2012](#and13491-bib-0022){ref-type="ref"}). Our present research presented that curcumin‐treated human spermatozoa showed increased mitochondrial activity compared to that in the AS group, indicating that curcumin might increase the motility of spermatozoa through improving mitochondrial function.

It is well known that intracellular ROS formation are primarily produced by cellular mitochondria (Chan, [2006](#and13491-bib-0004){ref-type="ref"}). Small amounts of ROS are necessary for regulating normal spermatozoa function; however, ROS will damage the spermatozoa when beyond some certain extent (Griveau, & Le Lannou, [2010](#and13491-bib-0015){ref-type="ref"}). Disruption of the balance between ROS generation and antioxidant scavenging could induce the development of oxidative stress. As we have shown in Figure [3](#and13491-fig-0003){ref-type="fig"}, ROS reproduction increased in spermatozoa from asthenozoospermic individuals but decreased in curcumin treatment group. These findings suggest that curcumin may improve asthenozoospermia by reducing ROS reproduction. Furthermore, the sperm plasma membrane with the property of possessing rich polyunsaturated fatty acids makes it susceptible to lipid peroxidation, resulting in membrane integrity loss, such as sperm--oocyte fusion and the ability to undergo acrosomal exocytosis (Aitken, Harkiss, & Buckingham, [1993](#and13491-bib-0001){ref-type="ref"}). In the present study, the spermatozoa exposed to 100 nM curcumin for 30 min had significantly decreased level of MDA and increased acrosome reaction than that in the control group. These suggested that curcumin might improve asthenozoospermia by reducing ROS reproduction.

Previous studies have shown that curcumin could uncouple the keap1‐Nrf2 complex, an event which leads to the stabilisation of Nrf2 followed by its subsequent transport into cell nuclei, all of which leading to the transcription of several antioxidant genes (HO‐1, NQO‐1, GSH‐Px, CAT and SOD1) involved in antioxidant responses (Xie, Wu, Shen, Li, & Wu, [2018](#and13491-bib-0038){ref-type="ref"}). But intriguingly, the spermatozoa only have nuclei with little cytoplasm surrounding the flagellum, making it difficult to observe the translocation of Nrf2 and explain the relation between Nrf2 and expression level of antioxidant genes. As a result, our study had certain limitations, but we demonstrated that curcumin upregulated Nrf2 expression of asthenozoospermia, indicating that curcumin improved asthenospermia through Nrf2. However, the detailed mechanism of this phenomenon remains to be further elucidated.

In short, our study demonstrated upregulation of Nrf2 induced by curcumin might protect spermatozoa of asthenozoospermic individuals through decreasing ROS production and apoptosis level. Our study broadens potential application of curcumin in clinical asthenozoospermia.
